Genomic DNA replacement for achieving sophisticated genetic manipulation is implemented currently through homogenous recombination/homology-dependent repair (HR/HDR). Here we report an efficient DNA fragment replacement method that is mediated by non-homologous end joining (NHEJ)-dependent DNA repair at two sites of CRISPR/Cas9-induced double-strand breaks at non-coding genomic regions flanking the exons of targeted genes. We demonstrated this method by generating three conditional alleles and two reporter lines of zebrafish. Functional assays of the conditional alleles proved that the genomic sequence between two inserted loxP sites was deleted by the Cre recombinase, and the phenotype after Cre-induced excision was comparable to previously reported mutants or morphants. Furthermore, combining double-fluorescence expression donor vectors, we showed that the efficiency of this NHEJ-mediated DNA replacement was around 3 times larger than that of HR/HDR-mediated approach. Our method provides a feasible strategy for genomic DNA replacement in zebrafish, which can be applicable for other organisms as well.
3
Genomic DNA replacement through homogenous recombination (HR) is a common approach in generating genetically engineered animals 1 . Due to its low efficiency, the HR-mediated approach usually requires both positive and negative selective systems to pre-screen gene-modified events in cultured embryonic stem cells 2 . In recent years, targeted double-strand breaks (DSBs) in genomes can be introduced efficiently by endonucleases 3-7 , including zinc-finger nucleases, transcription activator-like effector nucleases, and clustered regularly interspaced palindromic repeats (CRISPR)/Cas9. After DSBs, DNA repair is mainly via homology-directed repair (HDR) and/or non-homologous end joining (NHEJ) 8, 9 . It was recently reported that genomic DNA replacement can be achieved via HDR at the site of DSBs in multiple organisms, including mouse and zebrafish [9] [10] [11] [12] [13] [14] [15] , but the efficiency is still not enough for general application, in particular for long DNA fragment replacement in zebrafish.
As NHEJ is 10-fold more active than HDR at DSB sites 9, 16, 17 , we speculated that NHEJ can be utilized to implement genomic DNA replacement with high efficiency. In this study, we developed a novel DNA replacement method that is mediated by NHEJ-dependent DNA repair at two sites of CRISPR/Cas9-induced DSBs at non-coding genomic regions flanking exons of the targeted gene. Using this methods, we generated conditional alleles in three zebrafish genomic loci (th, kdrl and tcf3a), which are known to be important for the development or function of the neural system, vascular system and muscle [18] [19] [20] . Then we confirmed the function of the conditional alleles by Cre-induced genomic sequence excision and phenotype characterization. Furthermore, we generated th and gfap zebrafish reporter lines, in which EGFP expression well recaptured the pattern of endogenous gene expression. Importantly, we compared the efficiency of NHEJ-mediated DNA replacement with that of HDR-mediated approach by using double-fluorescence expression donor vector. The efficiency of this NHEJ-mediated replacement of long DNA fragments is ~ 3.7 -5.3 times larger than those of HDR-mediated approaches. Taken together, we provide a novel and efficient strategy for achieving long genomic DNA replacement, making the sophisticated genome editing achievable to the zebrafish community.
Results
Generation of th conditional alleles via NHEJ-mediated genomic DNA replacement. To 4 develop NHEJ-mediated DNA replacement method, we firstly tried to make a conditional allele of the zebrafish tyrosine hydroxylase (th) gene, which is specifically expressed in both dopaminergic neurons and noradrenergic neurons. Two single guide RNAs (sgRNAs) were designed to specifically target two different non-coding sites in the 7 th (for sgRNA1) and 8 th (for sgRNA2) introns of the th with a cleavage efficiency of 59% and 68%, respectively ( Fig.   1a and Supplementary Fig. 1a ). We constructed a th conditional donor (th-loxP-exon8-loxP) consisting of a left arm, a loxP-exon8-loxP fragment, and a right arm (middle in Fig. 1a ). The left arm includes the upstream sequence of the 5' side of the sgRNA1 target in the 7 th intron and the sequence of the sgRNA1 target, the right arm includes the sequence of the sgRNA2 target and the downstream sequence of the 3' side of the sgRNA2 target in the 8 th intron, and the loxP-exon8-loxP fragment contains the sequence between the two sgRNA targets in the th locus and the sequence of two loxP sites flanking the 8 th exon. We then co-injected the donor with zebrafish optimized Cas9 mRNA (zCas9 mRNA) and the two sgRNAs into one-cell-stage embryos of the knockin zebrafish line Ki(th-P2A-EGFP), in which the P2A and enhanced green fluorescence protein (EGFP) are sequentially ligated to the 3' side of the th coding sequence and thus th-expressing cells are labeled by EGFP 21 , and raised them to adulthood for screening the founders. Successful DNA replacement in the th locus with the loxP-exon8-loxP fragment in progenies of F0 was verified by PCR using th locus-specific (F1 and R1) and donor-specific (F2 and R2) primers ( Supplementary Fig. 1b ), and sequencing of PCR products amplified across the entire edited region with th locus-specific primers ( Fig. 1b and Supplementary Fig. 1c ). In a total of 41 F0 screened, we identified 3 replacement founders [Ki(th fl -P2A-EGFP)] with an 18% ± 9% F1 progeny carrying the replacement event, which was determined by PCR of F1 progenies one by one ( Table 1 , Supplementary Fig. 2 and Supplementary Table 1 ). The indels at both the 5' and 3' junctions indicate that the DNA replacement occurred is through NHEJ (Fig. 1b , Table 1 and Supplementary Fig. 1c ).
Functional validation of th conditional alleles.
To examine the excision by Cre, we did PCR with F1 and R1 in larvae generated by crossing conditional allele Ki(th fl -P2A-EGFP) with Tg(dat:mRFP-Cre), in which Cre fused to the C terminal of the monomer red fluorescent protein (mRFP) is specifically expressed in dopaminergic neurons via the promoter of 5 dopamine transporter (dat). After checking the PCR products of across the entire edited region, we found there was a band with ~ 0.9 kilo base pairs (bps) smaller than control (red arrow in Fig. 1c ). This reduction size was equivalent to the length of the fragment between two loxP sites (823 bps), suggesting correct excision by Cre.
To further test the functionality of the targeted genomic locus, we first examined the EGFP expression pattern in the larvae of Ki(th fl -P2A-EGFP) and found that it was similar to Ki(th-P2A-EGFP), indicating that NHEJ-mediated replacement does not affect the integrity of the th-P2A-EGFP ( Supplementary Fig. 3 ). Then we used Cre recombinase to examine whether the conditional allele generated through NHEJ-mediated DNA replacement works.
As a control, we crossed Ki(th-P2A-EGFP) with Tg(dat:mRFP-Cre). As expected, EGFP and mRFP were co-expressed in some dopaminergic neurons in the olfactory bulb (OB) and pretectum (Pre) in double heterozygote progenies (Fig. 1d, 1d1 and 1d2). However, in embryos of Ki(th fl -P2A-EGFP) zebrafish crossed with Tg(dat:mRFP-Cre), EGFP expression was not observed in mRFP-positive cells in the Pre and OB (Fig. 1e, 1e1 and 1e2 ), confirming the occurrence of the frame-shift mutation induced by excising the 8 th exon (136 bps in length) between the two loxP sites in the th locus. As a control, EGFP expression was not affected in noradrenergic neurons in the locus coeruleus (LC) where mRFP-Cre did not express ( Fig. 1d, 1d3, 1e and 1e3). Taken together, these results indicate that the conditional allele generated by NHEJ-mediated DNA replacement is functional.
Generation of kdrl conditional alleles via NHEJ-mediated genomic DNA replacement.
To demonstrate the general applicability of this NHEJ-mediated DNA replacement, we next tried the zebrafish kinase insert domain receptor like (kdrl) gene, which is specifically expressed in vascular endothelial cells (ECs). Two sgRNA flanking the 12 th exon of kdrl were selected with a cleavage efficiency about 41% and 71%, respectively ( Fig. 2a and Supplementary Fig.   4a ). To reduce the labor of intensive screening of conditional alleles, we introduced a 1.2-kb selective marker (SM) in the designed replacement fragment. The SM sequentially consisted of the cardiac myl7 promoter, coding sequence of DsRed and SV40 polyA signal, and was flanked by frt recombination sites. Thus DsRed can be specifically translated in cardiomyocytes and excised by Flp recombinase. We constructed a SM-containing kdrl 6 conditional donor (kdrl-loxP-exon12-frt-SM-frt-loxP, middle in Fig. 2a ), in which the transcriptional direction of SM was contrary to the endogenous kdrl gene to permit kdrl transcription normally. We co-injected zCas9 mRNA, the two sgRNAs and the donor into one-cell-stage embryos of Tg(kdrl:EGFP) transgenic zebrafish, in which vascular ECs were labeled by EGFP, and raised the embryos with broad expression of DsRed in the heart to adulthood ( Supplementary Fig. 4b ). We identified 2 founders [Ki(kdrl fl )] out of 25 F0 screened that carried DNA replacement, as verified by PCR of the entire edited region and sequencing ( Table 1 , Supplementary Fig. 5a, b and Supplementary Table 1 ). To confirm that the SM can be removed, we injected Flp mRNA into one-cell-stage embryos generated via Ki(kdrl fl/+ ) intercross and found that 43 out of 47 injected larvae at 3 days post-fertilization (dpf) did not express DsRed in the heart, indicating the occurrence of Flp-induced SM excision. The Flp-induced excision of SM was also confirmed by PCR of the entire edited region and sequencing ( Fig. 2c and Supplementary Fig. 5c ).
Functional validation of kdrl conditional alleles.
To test the functionality of the kdrl conditional allele, we injected Cre mRNA at one-cell-stage embryos of [Tg(kdrl:EGFP);Ki(kdrl fl/+ )] intercross and then did PCR of the entire edited region and sequencing of individual larvae. The excision of the kdrl 12 th exon was observed ( Fig. 2d and Supplementary Fig. 5d ). As expected, the majority (64/70) of Cre-injected larvae did not express DsRed in the heart. Furthermore, we found that about one fourth (17/70) of Cre-injected larvae showed vascular defects in both the trunk and brain ( Fig. 2e ), consistent with the vascular phenotype of the kdrl mutant homozygote 19 . As a control, all (68/68) of [Tg(kdrl:EGFP);Ki(kdrl fl/+ )] intercross larvae without Cre injection displayed normal vascular patterns ( Fig. 2f ). These results show that conditional alleles containing a selective marker is also achievable via NHEJ-mediated DNA replacement.
Generation of tcf3a conditional alleles via NHEJ-mediated genomic DNA replacement.
We further generated another SM-containing conditional allele of tcf3a (also named E12), which plays an important role in muscle development at early developmental stages in zebrafish 20 . Similar to the design of the kdrl conditional allele, we chose two sgRNA targets flanking the 4 th exon with a cleavage efficiency of 89% and 56%, respectively ( Fig. 3a and Supplementary Fig. 6a ). We got 2 replacement founders [Ki(tcf3a fl )] from 15 F0, as verified by PCR of the entire edited region and sequencing ( Fig. 3b , Table 1 , Supplementary Fig. 6b, c and Supplementary Table 1 ). Then we validated its functionality by Cre mRNA injection. The DNA sequence in the conditional allele of tcf3a was correctly excised (Fig. 3c ) and the phenotype of larvae carrying Cre-induced tcf3a conditional knockout was comparable to tcf3a morphants ( Fig. 3d and 3e ; see also Ref. 20) .
Generation of a th reporter line via NHEJ-mediated genomic DNA replacement.
To demonstrate that this NHEJ-mediated DNA replacement method can be used for making reporter lines, two sgRNAs were designed to specifically target other two sites in the th locus, one lying in the last intron (sgRNA3, see also Ref. 21 ) and the other overlapping the stop codon (sgRNA4) with a cleavage efficiency of 83% and 36%, respectively ( Fig. 4a and Supplementary Fig. 7a ). We constructed a th reporter donor (th-P2A-EGFP) that consists of a left arm, P2A-EGFP coding sequence, and a right arm (middle in Fig. 4a ). As the sgRNA4 target partially overlaps with the 3' side of the th coding sequence (CDS), we introduced silent mutations at the 3' side of the th CDS in the th-P2A-EGFP donor vector ( Supplementary Fig. 7b ). Therefore, the 3' CDS of the th in the donor cannot be excised by CRISPR/Cas9. We co-injected zCas9 mRNA, the two sgRNAs and donor vector into one-cell-stage wild-type embryos. We raised the injected embryos to adulthood and got 1 founder [Ki(th EGFP )] out of 11 F0 screened that carried NHEJ-mediated DNA replacement, as verified by PCR of the entire edited region, sequencing and EGFP expression pattern (Fig. 4b,   c and Supplementary Fig. 7c, d ).
Generation of a gfap reporter line via NHEJ-mediated genomic DNA replacement.
We then demonstrated the applicability of this method by making another reporter line of the zebrafish glial acidic fibrillary protein (gfap) gene, which is specifically expressed in glial cells of the nervous system 21, 22 . Two sgRNAs were selected to specifically target two different sites in the gfap, one in the last intron (sgRNA1) and the other in 3' UTR region (sgRNA2) with a cleavage efficiency of 74% and 74%, respectively ( Fig. 5a and Supplementary Fig. 8a ).
We co-injected the gfap-P2A-EGFP donor with zCas9 mRNA and the two sgRNAs, and observed EGFP expression in the spinal cord of ~ 88% (160/181) larvae (Supplementary Fig.   8b and Supplementary Table 2 ). We raised 8 larvae with broad EGFP expression to adulthood and found 2 founders [Ki(gfap EGFP )] carried NHEJ-mediated DNA replacement, as verified by PCR of the entire edited region, sequencing and EGFP expression pattern ( Fig. 5b , c, Supplementary Fig. 9 and Supplementary Table 1 ). These results indicate that NHEJ-mediated replacement can be readily applied for making reporter zebrafish lines.
Comparison of the efficiency of genomic DNA replacement between NHEJ-and HDR-mediated approaches.
To compare the efficiency of NHEJ-and HDR-mediated DNA replacement, we modified the gfap-P2A-EGFP donor by adding a negative SM (gfap-P2A-EGFP-IRES-tdT; Fig. 6a ). The negative SM consisted of an internal ribozyme entry site (IRES), tdTomato (tdT) CDS and SV40 polyA signal (IRES-tdT), and was then linked to the 3' side of a shortened right arm. In this right arm, the gfap transcriptional terminate signal was deleted to permit IRES-tdT transcription, and the target site of sgRNA2 was kept. We validated the gfap-P2A-EGFP-IRES-tdT donor vector by co-injecting with sgRNA1 and zCas9, and found that most of EGFP-expressing glial cells (197/219 from 16 larvae) also expressed tdT, indicating the insertion of the full-length of the donor vector at the sgRNA1 target site ( Fig. 6b ; see also Ref. 21) . However, when co-injecting the donor vector with the two sgRNAs, the majority of EGFP-expressing glial cells did not express tdT ( Fig.   6c ), implying the occurrence of P2A-EGFP but not IRES-tdT integration in the gfap locus. To compare the difference in the efficiency of NHEJ-and HDR-mediated DNA replacement, we also constructed two HDR-mediated donors in which both the sgRNA1 and sgRNA2 targets were mutated at protospacer adjacent motifs ( Fig. 6d , e, left). One HDR-mediated donor had same homology arms with the NHEJ-mediated donor (Fig. 6c, d) , the other had both longer left and right homology arms ( Fig. 6c, e ). After co-injecting the NHEJ-or HDR-mediated gfap donor vector with the two sgRNAs, we calculated the ratio of the larvae containing EGFP-only-expressing glial cells and the average number of EGFP-only-expressing glial cells in each embryo. We found that both the ratios in embryos injected with the NHEJ donor were > 5.5 and 8.0 times as large as those with HDR donors with long homology arms, 9 respectively ( Fig. 6f, g) . EGFP-only expression in HDR donor-injected embryos is in principle due to HDR-mediated DNA replacement. As multiple-fragment integration rarely occurs 23 , EGFP-only expression in NHEJ donor-injected embryos can be caused mainly through two possibilities. The first one is through expected NHEJ-mediated DNA replacement, and the other is due to NHEJ-mediated insertion of the P2A-EGFP fragment at the sgRNA1 target site. Considering the fact that we identified 10 founders carrying NHEJ-mediated DNA replacement and 5 founders carrying insertion during all of our experiments (Table 1) , we roughly estimated that the NHEJ-mediated DNA replacement accounts for ~ 67% of EGFP-only-expression events. Therefore, we reasoned that the efficiency of NHEJ-mediated DNA replacement in the gfap locus is ~ 3.7 -5.3 times as much as that of HDR-mediated DNA replacement.
Discussion
In recent studies, HDR has been used to generate knockin lines of zebrafish with various efficiencies [12] [13] [14] [24] [25] [26] [27] . For most of reported zebrafish lines generated via HDR, single-stranded oligodeoxynucleotide (ssODN) was usually used as a repair template 14, [24] [25] [26] [27] . This strategy can only achieve genomic alteration with a few of bps such as point mutation and short tag insertion. Long DNA fragment replacement has wide application in gene editing, because it can achieve different types of genomic editing. However, long DNA fragment replacement for zebrafish genome editing is still under development.
Pre-screening via obvious phenotypes or reporter gene expression, both of which imply correct genomic replacement events, was sometimes used to increase screening efficiency in those studies 13, 14, 24, 28 . However, the requirement for pre-screening cannot be met in many cases. Without pre-screening, genomic editing mediated by HDR in zebrafish shows relatively low efficiencies [25] [26] [27] , in particular for long DNA fragments 12, 14 . This makes it necessary to develop more efficient methods for achieving long DNA fragments replacement.
NHEJ has been recently used to achieve targeted integration in cultured cells, mouse and zebrafish with a high efficiency through inserting a DNA fragment at a single DSB site 21, 23, [29] [30] [31] [32] [33] , but these strategies still cannot be readily applied for sophisticated genomic editing, in particular for conditional knockout. In the present study, by taking advantage of 12 and 14). In comparison with HR/HDR-based approaches in a more precise way, we did experiments at the same genomic locus gfap and found that the efficiency of NHEJ-mediated DNA replacement is much higher (see Fig. 6f , g). As DSB sites were designed in non-coding regions, NHEJ-induced indels will not shift the reading frame of targeted genes, leading to an increased rate of successful DNA replacement. Interestingly, although NHEJ-mediated DNA repair is independent on homology arms, we found that homology arms extended out of both target sites are important for increasing knockin efficiency (Supplementary Table 2 ). Based on this data, further studies should test the feasibility of NHEJ-mediated long fragment replacement via universal construct with simply modification by just adding target sites and the short homology arms extended out of target sites. Among our data, only one case is found that the perfect replacement happened without indels at both sides, implying that HDR-mediated replacement cannot be excluded completely by our approach. Thus, the high efficiency and simplicity make our strategy an applicable DNA replacement method for zebrafish and even other organisms.
Methods
Zebrafish. Adult zebrafish were maintained with automatic fish housing system (ESEN, Ki(th-P2A-EGFP) were described previously 21, 34 , and the transgenic line Tg(dat:mRFP-Cre) was generated by using a modified zebrafish BAC clone which contains the dat promoter. To design sgRNAs, AB/WT zebrafish were firstly screened by PCR and sequencing at sgRNA target sites. Zebrafish handling procedures were approved by the Institute of Neuroscience, Chinese Academy of Sciences.
Production of mRNA and sgRNAs in vitro. The zCas9 plasmid pGH-T7-zCas9 was linearized by XbaI and used as a template for Cas9 mRNA in vitro synthesis with the mMACHINE T7 Ultra kit (Ambion, USA) 35 . Cre or Flp plasmids (in pcDNA3.1) were linearized by XmaJI and their mRNA were synthesized in vitro by mMACHINE T7 Ultra kit.
We used the CRISPR/Cas9 design tool provided in the website (http://zifit.partners.org) to select specific targets to minimize off-target effects. The sequences of sgRNA targets tested are listed in Supplementary Table 3 PCR and sequencing for confirming sgRNA cleavage. Genomic DNA for PCR was extracted from 20 embryos at 3 dpf that were co-injected with zCas9 mRNA and sgRNAs.
Fragments containing target sites were amplified by the Takara Ex Taq, and were then cloned by the TA Cloning Kit (Takara, Japan) for sequencing. Generally, we sequenced 20-50 clones for analyzing the cleavage efficiency of each sgRNA. Table 4 ). The size of all PCR products was first examined by gel electrophoresis, and the full length products amplified by F1/R1 were sequenced directly or cloned and sequenced. The sequencing data were used to analyze the integration manner at junction sites or the excision at frt/loxP sites.
Founder screening and the germline mosaicism rate analysis. All
In vivo confocal imaging. For in vivo confocal imaging, larvae at 3 or 5 dpf were Table 1 Information of edited alleles and germline mosaicism ratio of the founders.
Figures and Table Legends

